Abstract: Epipelic cyanobacteria were studied in bottom sediments from ponds and lakes in the United Kingdom and the Czech Republic, covering a trophic gradient from deep, oligotrophic, glacial lakes to shallow, eutrophic, urban manmade ponds. Although many planktic species were observed, the most frequently occurring cyanobacteria were the motile filamentous genera Oscillatoria, Phormidium, Pseudanabaena and Komvophoron. These genera represent autochtonous epipelic assemblages, occurring in upper surface layers of the sediments throughout the year and exhibiting seasonal variation in their abundancy. The occurrence of individual Komvophoron species was influenced by sediment quality, particularly the proportions of fine mud and organic detritus. A new species Komvophoron hindakii sp. nov. is described. Morphological features, autecology and occurrence of all the Komvophoron-like morphospecies found are discussed.
Introduction
Freshwater epipelic algae, inhabiting pond and lake bottom sediments, are mainly dominated by cyanobacteria, euglenophytes, desmids and diatoms (Lysáková et al. 2007 ). In addition, resting stages and settled cells (still capable of photosynthesis) of many planktic algae can be found in the benthos as its allochtonous part (Sicko-Goad et al. 1989; Belmonte et al. 1997; Poulíčková et al. 2007) .
Autochtonous epipelic assemblages include pennate diatom genera such as Amphora, Navicula, Pinnularia, Sellaphora and the filamentous motile cyanobacteria Komvophoron, Oscillatoria, Phormidium and Pseudanabaena (Lysáková et al. 2007 ). Although epipelic diatoms represent a model assemblage for studies on reproductive biology, cryptic speciation and geographic biodiversity (Mann & Droop 1996; Mann 1999; Mann et al. 1999 Mann et al. , 2008 , except for the studies by Round (1959 Round ( , 1972 epipelic cyanobacteria have been largely overlooked.
The genus Komvophoron was established by Anagnostidis & Komárek (1988) , who transfered similar filamentous species such as Pseudanabaena schmidlei Jaag or Pseudanabaena minuta Skuja into the genus Komvophoron. Subsequently, these authors proposed that the genus should be divided into two subgenera, Alyssophoron and Komvophoron. The subgenus Alyssophoron includes taxa with short and thin trichomes (up to 300 µm length, up to 3.5 µm wide), whilst those with thicker trichomes (up to 650 µm length, up to 10 µm wide) are placed in the subgenus Komvophoron. Thus important species of Komvophoron were previously assigned to the genus Pseudanabaena and with which they have lots of common features such as lack of gas vesicles, mat formation or solitary filaments, type of mucilage envelope, straight/slightly waved filaments, and trichomes not attenuated towards the ends. All Komvophoron species have more or less spherical or barrel shaped cells in deeply and widely constricted motile or non-motile trichomes of limited growth, while Pseudanabaena species usually form cylindrical cells and trichomes which are slightly constricted or without constriction. Apart from a few earlier records of Komvophoron occurrence (see Komárek 1975; Skácelová & Komárek 1989; Fonseka & Rodrigues 2005; Willame et al. 2006 ) the genus Komvophoron has not yet been systematically investigated. A large number of unrevised species still exist and the boundaries between some of them remain unclear (Komárek & Anagnostidis 2005) due to lack of data about their morphological variability, reproduction and autecology. Whereas a large number of sequences are available for the bloom-forming planktic cyanobacteria, this is not the case for the other forms, particularly Komvophoron, as a result of difficulties in culturing them. Pilot molecular data suggest that the genus Komvophoron is clearly separated from Kirkwood et al. 2007; Willame et al. 2006) . Isocystis pallida Woronichin was described by Woronichin (1927) in the hot springs of the North Caucasus Mountains (Russia) and represents a complicated and taxonomically unclear species. The genus Isocystis Borzi ex Bornet et Flahault is based on the type species I. messanensis among others, with formation of akinetes. I. pallida does not completelly correspond to the generic description. Probably Woronichin's original concept is wrong and Komárek & Anagnostidis (2005) assign this species to "unrevised taxa similar to Komvophoron". The species usually occurs in hot springs together with filamentous cyanobacteria such as Oscillatoria, Phormidium, Pseudanabaena and Spirulina (Anagnostidis 1961) . Giovannoni et al. (1987b) isolated an obligately aerobic, heterotrophic, salmoncoloured organism resembling Isocystis pallida from several North American hot springs and proposed naming it as the eubacterium Isosphaera pallida, thereby assigning it to a new bacterial genus. Isosphaera pallida possessed a combination of unusual phenotypic traits: it moved by gliding and it was positively phototactic (Giovannoni et al. 1987b) . Muramic acid and diaminopimelic acid, essential components of peptidoglycan, were absent from the cell wall and phylogenetic analyses (5S rRNAs and 16S r RNAs) demonstrated a relationship to the Planctomyces group of budding bacteria, which also lack peptidoglycan walls (Giovannoni et al. 1987b; König et al. 1984) .
With respect to its cell structure and phototactic movement the species seems to be a cyanobacterium (Elenkin 1938; Hollerbach et al. 1953; Anagnostidis 1961) while some authors highlight its bacterial character (Geitler 1968; Boone & Castenholz 2001) . Our present study is based on samples taken from 69 ponds and lakes of different trophic status in the United Kingdom and the Czech Republic and focusses on the distribution, taxonomy and autecology of epipelic autochtonous species of the genus Komvophoron.
Material and methods
Altogether 69 sediment samples were taken at British and Czech sites (Fig. 1) , covering a trophic gradient from deep, oligotrophic glacial lakes to shallow, man-made ponds:
1 Environmental variables at the Czech sites (temperature, pH, conductivity) were measured in situ using instruments from the WTW company (WissenschaftlichTechnische Werkstätten GmbH, Weilheim, Germany), transparency was measured in situ using a Secchi disc and chlorophyll a concentration was measured as previously described by Vernon (1960) . Environmental data for sites in the UK were obtained from databases (Scottish Natural Heritage Lochs Database; data reproduced by Palmer & Roy 2001) or literature (Reynolds 1979) . Samples were taken using a glass tube as described by Round (1953) . The mud-water samples were poured out into plastic boxes and allowed to stand in the dark for at least 5 h. Then the supernatant was removed by suction and the mud covered with lens tissue. In response to the continuous illumination provided, epipelic cyanobacteria and algae moved up through the lens tissue and attached themselves to cover slips placed on top. These were removed at intervals and either examined immediately, or used for isolation (by streaking) on agar plates, or incubated in (1) WC medium (Guillard & Lorenzen 1972) , (2) Zehnder medium (Staub 1961) and (3) Bristol-Bold medium (Bold 1949) . Incubated cover slips and cultures were maintained at 18
• C under cool-white fluorescent lights (irradiation of 20 µmol m −2 s −1 ) with 12 h light per day. Photomicrography was carried out using either (1) a Reichert Polyvar 2 photomicroscope fitted with a Polaroid DMC2 digital camera capable of 1600 × 1200 pixel resolution (images were captured via Optimas image analysis software version 6.2: MediaCybernetics, Silver Spring, MD 20910, USA); (2) a Zeiss Axioimager with a Zeiss Axiocam HRc digital camera (images captured and managed via Imaging Associates/Zeiss Axiovision Version 4 imaging software); or (3) an Olympus BX 60 with DP 70 digital camera. Bright field (BF) or differential interference contrast (DIC) optics were used at ×100 (planapochromat lenses, nominal numerical aperture 1.32 or 1.4). In some cases, background noise and specks were removed digitally by image division (Bayer et al. 2001 ; http://rbgweb2.rbge.org.uk/algae/methods/removing dust.htm).
For species identification Geitler (1932) , Skuja (1948 Skuja ( , 1956 , Starmach (1966) , Kondrateva (1968) , Anagnostidis & Komárek (1988) , Komárek & Anagnostidis (2005) were used. To test for the presence of mucilage around trichomes, cover-slips were mounted on suitably diluted Indian ink and excess ink drawn off with tissue.
Results
Over all the sampling sites considered together, a total of 28 species of autochtonous epipelic cyanobacteria was identified. The most frequent cyanobacteria belonged to the orders Oscillatoriales, while occurrence of coccal and nostoclean cyanobacteria was negligible. The highest diversity and abundance of epipelic cyanobacteria were found from late spring to the late summer (Fig. 30) . The most frequent Komvophoron species were accompanied by Pseudanabaena catenata (Szafer) Lauterborn, Phormidium terebriforme (C.Agardh ex Gomont) Anagn. et Komárek or P. tergestinum (Kütz.) Anagn. et Komárek. The genus Komvophoron was found at 65 investigated sites (Fig. 1) Latin diagnosis: Trichomata solitaria vel in catervis tenuibus, longitudine variabilia, plerumque 50-800 µm longa, muco indistincto liquescenti obducta, sine vaginis distinguibilibus, trichomata recta vel flexa, 7-12 µm crassa, mobilia vel raro immobilia; cellulae vegetativae sphaericae, hemisphaericae vel cylindricae, interdum ponticulis hyalinis intercellularibus ornatae, cum foveolis minutis in angulis obtusis cellularum dispositis; contentus cellularum homogeneus vel granulatus, cum chromatoplasmate peripherico bene distinguibili; cellula apicalis cum processo lato; trichomata in partes breves (hormogonia vel hormocytos) dividuntur; sine cellulis necridicis. Komvophoron schmidlei (Jaag) Anagn. et 24) Syn.: Pseudanabaena schmidlei Jaag, Pseudanabaena schmidlei f. gracile Skuja Trichomes solitary, occasionally in small clusters (up to 5 trichomes), usually short, 50-300 µm, straight or seldom bent, deeply constricted at the cross walls, bright blue-green or green, intensely moving by gliding, without visible sheaths, but with production of slime layer. Trichomes disintegrate by breakage without necridia. Cells rounded, barrel-shaped and short, with homogenous cell contents or seldom with scattered granules, cell width 5-7.5 µm, cell length of 3-7 µm (length/width ratio 0.5-1, seldom 1.5). Apical cells slightly longer than vegetative, rounded often with visible wart-like protrusion, but not all apical cells possess the protrusion. Occurrence: benthic, epipsamic or epipelic on mud with a high proportion of sand, especially in spring period, ponds and lakes in the Czech Republic (e.g. Drahany, Hejtman, Líšnice, pH range of 7.38-7.65, conductivity 132-457 µS cm −1 ).
Komvophoron constrictum (Szafer) Anagn. et 25) Syn.: Oscillatoria constricta Szafer, Pseudanabaena constricta (Szafer) Lauterborn The species forms short or long motile trichomes, usually straigth and deeply constricted at the cross walls, 3.5-5 µm wide. Wide mucilaginous layers were observed in seminatural material incubated in culture medium (Indian ink staining, see Fig. 3 ). Cells cylindrical or barrel-shaped, usually 5-10 µm long (occasionally 10-20 µm). Cell contents seperable into chromatoplasm and nucleoplasm clearly visible in LM, dark and bright granules visible at the cross walls, usually in all cells (Figs 4-5 ). Apical cells rounded or broadly conical (Fig. 25) . Cell division is frequent and visible as constriction of the cell walls (e.g. Fig. 5 ). Trichomes easily disintegrate into short hormogonia, few-celled motile parts (Fig. 6) . Occurrence: the species occurred under various conditions (pH ranges 7.26-10.38, conductivity ranges 112-726 µS cm −1 , from muddy-sandy to muddy anaerobic sediments), but the highest abundance was usually observed at eutrophic sites with fine, slightly anaero-Figs 2-20. Morphological variability of species DIC and BF optics; scale 10 µm. 2, 12-16 -Komphoron hindakii found in Ellesmere (2, 12) and Bezedník (13, 14) . Disintegration under culture conditions of K. hindakii from Bezedník (15); detail showing surface holes (arrows; 16). Orig. 3-6 -Komvophoron constrictum found in Ellesmere, note mucilage in Indian ink preparation (arrow, 3); in Chropyně (4-6); hormogonium (6). Orig. 7-9 -Komvophoron schmidlei; detail note cell surface without holes (7); specimens found in Líšnice (8) bic mud where, with the exception of Komvophoron cf. groenlandicum, other Komvophoron-like species were absent.
Komvophoron minutum (Skuja) Anagn. et 26) Syn.: Pseudanabaena minuta Skuja The species usually formed short and straight trichomes (up to 100 µm), deeply constricted at the cross walls, motile or not, occasionally with wide indistinct mucilaginous layer (Indian ink staining). Cells were spherical or barrel shaped, 3-4.5 µm in diameter, length/width ratio 0.5-1.5, blue-green or pale bluegreen, with homogeneous contents and scattered granules. Apical cells rounded or broadly conical with wart like protrusion (Figs 17, 26) . Occurrence: found on muddy or muddy-sandy sediments (Bezedník, Chropyně and Drahany ponds, Czech Republic), pH ranges 7.38-9.10, conductivity 195-461 µS cm −1 , not as frequent as K. constrictum.
Komvophoron sp. (Fig. 27) Trichomes were straight or bent, usually 100-300 µm, sometimes more, motile or not. Rarely with an indistinct mucilaginous layer. Short hormogonia were formed by trichome breakage. Cells were usually barrel shaped, 4-5 µm in diameter, length/width ratio 0.75-2, with homogenous content. Apical cells were rounded, seldom moniliform or with wart like protrusion. The specimens did not correspond with any morphospecies previously described in the literature but lacked sufficient clearly defined characteristics for description of a new species. Occurrence: sporadically on muddy sediment in the fishpond Chropyně (pH 7.68, conductivity 422 µS cm −1 ). Komvophoron cf. groenlandicum Anagn. et 20, 28) Syn.: Isocystis sp. in Nygaard 1984 Trichomes of the species were short (usually up to 100 µm), straight or sligthly bent, non-motile or rarely motile, without mucilage layers. Trichomes disintegrated into shorter parts by breakage, without necridic cells. Vegetative cells spherical, seldom barrel shaped, 2-2.6 µm in diameter, several cells in the trichome discoid and small (approximatelly 1 × 0.5 µm), pale blue-green or pale gray, with one aerotop (according to Anagnostidis 1961) in the middle of each cell. Apical cells usually spherical or slightly pointed. The species sporadically occurred in the autumn 2007 on muddy sediments under slightly anaerobic conditions (Bezedník, Chropyně pond, pH ranges 7.68-9.10, conductivity ranges 422-461 µS cm −1 ).
Discussion
Autecology of Komvophoron-like morphospecies During our study of epipelic assemblages we have found a total of six Komvophoron species. The morphological variation and autecology of all the identified species were studied both in natural and cultivated samples, as they are insufficiently well known. There is no doubt that these species can be easily overlooked as they inhabit very specific microhabitats. That is the reason why records of these species are so rare in literature. Although there have been some doubts as to
Figs 25-28. Varibility of Komvophoron species thinner than 5 µm, orig. P. Hašler. Scale 10 µm. Fig. 25 . Komvophoron constrictum, populations from the Czech Republic. Orig. Fig. 26 . Komvophoron minutum, populations from the Czech Republic. Orig. Fig. 27 . Komvophoron sp., populations from the Czech Republic. Orig. Fig. 28 . Komvophoron cf. groenlandicum, Bezedík, the Czech Republic. Orig.
whether autochtonous epipelic cyanobacteria exist, it is clear from the results from the present study that they do. These assemblages are present at sites throughout the year, exhibiting slight seasonal variation under temperate zone conditions with a higher abundance and greater species richness during the summer months (Fig. 30) . Our data are in good agreement with the previous study by Round (1972) . The distribution of Komvophoron species seems to be influenced by sediment quality, particularly the proportion of organic detritus originating from surrounding or submerged vegetation and aerobic/anaerobic conditions on the bottom. The influence of water chemistry on the distribution of epipelic cyanobacteria was not as significant as sediment quality (canonical correspondence analysis, CCA, Canoco, data not shown). As previously recorded, K. schmidlei usually occurs under epipsammic to epipelic conditions, in clean cold waters (Komárek & Anagnostidis 2005) . We have found this species in spring season (coldwater) in only three of 65 localities sampled, predominantly in sandy sediments (Drahany, Hejtman and Líšnice). In contrast to this, K. hindakii occurred in summer samples at sites with a prevalence of fine mud with organic detritus originating from surrounding vegetation (Chropyně, Bezedník, Ellesmere, Malham Tarn, pH ranges of 7.5-9.1, conductivity of 230-461 µS cm −1 ). The latter species suddenly disappeared in late summer at Bezedník and was replaced by K. constrictum and Komvophoron cf. groenlandicum. This change was connected with seasonal cycle of macrophyte Potamogeton crispus L. Its dead biomass sank to the bottom and its decomposition led to changes in the sediment, which became black and anaerobic. Although Komárek & Anagnostidis (2005) recorded that K. constrictum prefers sulphur-rich sediments, we found that this was the most frequent species under a variety of conditions and it clearly exhibits a broad ecological tolerance. It is possible that K. groenlandicum also occurs in Central Europe. Environmental variables on the bottom do not correspond to those at the water surface or in the littoral zone. An especially low temperature which does not oscillate much, could simulate conditions from colder areas and favour the growth of K. groenlandicum.
Morphospecies in Komvophoron-like cyanobacteria Komvophoron hindakii and K. schmidlei differ in filament and cell morphology as well as in ecology (Figs 21-24, Table 1 ). Although Jaag's (1938) description and Skuja's (1948) record indicate a trichome width for K. schmidlei of 5-11 µm, our data for this species, supported by investigation of numerous epipelic populations from the Czech Republic and British Isles, correspond better to records of Desikachary (1959) and Kondrateva (1968) , in which trichome width is given as 5-7 µm. In our experience, the highly variable trichome width observed by Jaag (1938) and Skuja (1948) is unlike to have arisen from observations on a single species and may indicate that their samples were mixed populations. In our samples, the trichome width of K. schmidlei varied by no more that ± 15%, whereas Jaag and Skuja observed differences as great as twofold. In contrast to trichome length, the variation in trichome width is usually small in cyanobacteria, even under different light or nutrient conditions Poulíčková et al. 2004) ; thus trichome width can be considered to be a usable feature of taxonomical importance. The presence in a sample of trichomes with a high range of widths may indicate the inclusion in the sample of several taxa. Furthermore, the ratio of cell dimensions in K. schmidlei is quite different from that in K. hindakii. We found a cell ratio (width/length) in K. schmidlei 0.5 to 0.75 (occasionally 1), but in K. hindakii the cell ratio usually ranged from 0.75 to 1.5 (before division 2 and more). Thus overal cell shape is spherical or slightly elongated in K. hindakii, while cells of K. schmidlei are wider than long, seldom isodiametric or barrel-shaped. References to K. schmidlei from the periphyton of the River Paraná (Brazil) with cells 4-4.25 × 2.9-3.8 µm (Fonseca & Rodrigues 2005) belong more likely to K. minutum or other species. Analogous to K. schmidlei, broad variation in the trichome width was also found in the case of K. constrictum. Komárek & Anagnostidis (2005) quoted a trichome width range from 3 to 7 µm, while our populations had trichomes only 3.5-5 µm wide. Occasionally, we observed trichomes which did not correspond to any of the morphospecies described in literature. They were similar to K. constrictum but lacked the dark and bright granules present in K. constrictum. Although Komárek & Anagnostidis (2005) considered these granules to be an important taxonomic feature, we frequently observed trichomes without granules in cultivated samples of typical K. constrictum and within their natural populations.
We consider that the small surface holes observed in the cell corners of K. hindakii are an important diagnostic feature; they were never observed in K. schmidlei. This structure is particularly obvious when using DIC optics (for detail see Figs 12, 16) . The function of the described holes is not clear. One possibility is that the holes are points of mucilage excretion and could influence the formation of wart-like protrusions on the apical cells. Filaments of Komvophoron species were very fragile and quickly fell apart after preservation in formaldehyde. Consequently, a detailed EM study of the holes was not possible. Woronichin's (1927) concept of Isocystis pallida as a species related to the genus Komvophoron is probably wrong. The genus Isocystis belongs to the family Nostocaceae and is based on the akinete-forming type species I. messanensis. Our record of filamentous Isocystis-like cyanobacteria corresponds most closely to Isocystis pallida after Anagnostidis (1961) . Although many of these Isocystis-like filaments were examined, we never observed akinetes. Nevertheless, it seems most likely that the species examined in our study and by Anagnostidis (1961) are one and the same, and both a species of Komvophoron. From our observations and from the drawings presented by Anagnostidis (1961) , this species does not correspond to Komvophoron pallidum described by Skuja (1948) . We are of the opinion that Isocystis pallida (sensu Anagnostidis 1961) is not a synonym for Komvophoron pallidum. We found a greater similarity between our species and K. breve and K. groenlandicum. Both species form thin filaments with spherical cells. K. breve is known from saline environments, whilst K. greonlandicum is known from shallow lakes in Greenland as a planktonic species. With respect to known data we assigned the species K. groenlandicum. A small structure, usually occurring in the cells, is described as gas vesicle (Anagnostidis 1961) . The presence of gas vesicles could explain the planktonic mode of life in Greenland's shallow lakes, but such a structure does not correspond to the description of the genus (Anagnostidis & Komárek 1988) . However, filament structure, cell shape and ecology should be main features for the identification. Thus, generally, the identity of this Isocystis-like species is problematic and still unresolved. Giovanoni et al. (1987a, b) identified similar taxa from thermal biotopes as the phototactic eubacterium Isosphaera pallida. It is possible that Giovanoni saw the same species as Woronichin (1927) and Anagnostidis (1961) . With respect to our observation, cyanobacteria are able to form in certain circumstances colourless filaments, which usually occur under low oxygen or in samples of sulphur sediments (observed in genera Komvophoron, Phormidium, Pseudanabaena). We consider changes in cyanobacterial morphology to a coloureless bacterial character as a proof of reaction to environmental variables (e.g. oxygen concentration). Skuja (1948) described from plankton colourless genus Achroonema, which is similar to Komvophoron. Difference between mentioned genera is based on the type of movement, cell shape and colouration. A permanent colourless stage should not be considered as a cyanobacterial feature. Pringsheim (1956) discussed the genus Achroonema and pointed out that Skuja's concept of the genus was not clear and probably incorrect. Later, the genus was classified as a bacterium or some species were combined with genera Pseudanabaena or Jaaginema (Komárek & Anagnostidis 2005) . The occurrence of long cylidrical cells in K. constrictum (Fig. 4) was occasional and probably such cell can appeared after some mistake in cell division. These "monstrous cells" are not really regular structure for Komvophoron species. A similar structure was described by Skuja (1956) who illustrated in this way A. articulatum or A. macromeres. Generally, Skuja's concept of cyanobacteria was not correct in all cases and passed through numerous changes. We consider validity of the genus Komvophoron as correct and its difference from Achroonema with respect to morphology and ecology as clear.
